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Neutron yields are measured at the National Ignition Facility (NIF) by an extensive suite of neutron activation
diagnostics. Neutrons interact with materials whose reaction cross sections threshold just below the fusion
neutron production energy, providing an accurate measure of primary unscattered neutrons without
contribution from lower-energy scattered neutrons. Indium samples are mounted on Diagnostic Instrument
Manipulators in the NIF target chamber, 25-50 cm from the source, to measure 2.45 MeV deuterium-
deuterium fusion neutrons through the '°In(n,n’)''*"In reaction. Outside the chamber, zirconium and copper
are used to measure 14 MeV deuterium-tritium fusion neutrons via *°Zr(n,2n), “*Cu(n,2n) and “Cu(n,2n)
reactions. An array of sixteen zirconium samples are located on port covers around the chamber to measure
relative yield anisotropies, providing a global map of fuel areal density variation. Neutron yields are routinely
measured with activation to an accuracy of 7% and are in excellent agreement both with each other and with
neutron time-of-flight and magnetic recoil spectrometer measurements. Relative areal density anisotropies
can be measured to a precision of less than 3%. These measurements reveal apparent bulk fuel velocities as
high as 200 km/s in addition to large areal density variations between the pole and equator of the compressed

fuel.

I. INTRODUCTION

An accurate measurement of the neutron yield and the
capsule fuel areal density (pR) of inertial confinement fusion
implosions at the National Ignition Facility' (NIF) is essential to
evaluating its performance on the experimental path to achieving
ignition. > Neutron yield is directly proportional to the number
of fusion reactions while the areal density measures the degree of
compression achieved. Furthermore, measurement of a complete
pR distribution over all angles indicates the compression entropy,
drive anisotropy, and lower-order mix which may impede
ignition.

Activation foils have long been used to measure neutron
fluence and spectra for a variety of neutron sources, including
inertial confinement fusion facilities such as OMEGA.* A chosen
sample of material undergoes nuclear reactions upon exposure to
neutrons above a certain energy threshold, creating a radioactive
species. The subsequent decay of the radioactive nuclei can be
measured and the number of neutrons passing through the
material can be deduced. For an isotropic, instantaneous neutron
source, the unscattered neutron yield, Y, above a reaction’s
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energy threshold is calculated as

Y = 4T R* AN,
m‘fB’R‘faNAgigd <G >e*7L(AtS)[1 _ ef?n(At(.)]

(1

where R is the distance from the neutron source to the
activation sample, 4 is the atomic mass of the isotope undergoing
the reaction of interest, N, is the number of decay particles or
gamma rays measured in a detector, m is the mass of the sample,
fr 1s the branching ratio producing the detected radiation, f; is
the abundance of the isotope in the sample (including sample
purity), N, is Avogadro’s number, &; is the irradiation efficiency
(a deviation from wunity indicating neutron absorption or
scattering from environmental materials and in the sample itself),
gq 1 the detection efficiency, (ol is the spectrum-weighted
cross section, A is the decay constant of the radioactive material,
At is the time between the irradiation and start of measurement
and At. is the time over which radiation from the sample is
measured.

At the NIF, to measure both neutron yield and implosion
areal density variations, pR(Q), neutron activation diagnostics’
(NADs) are implemented with five different methods, named for
their deployment locations: Well-NAD, NAD20, DIM-NAD,
Snout-NAD, and Flange-NAD. Indium is used to measure
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2.45MeV neutrons produced from deuterium-deuterium (D-D)
fusion reactions while both zirconium and copper are used to
measure 14 MeV neutrons from deuterium-trittum (D-T)
reactions. As the thickness of these samples is generally 1 mm or
greater, the nomenclature used here of “foil” is more historical
than descriptive.

Presented here is a summary and status update of the
different activation methods at NIF and some representative
results. The full analysis details and results for the past several
years of NIF shots will be covered in forthcoming publications.

Il. WELL-NAD

Three zirconium foils of 1 mm, 3.5 mm, and 8.7 mm
respective thicknesses are deployed in a diagnostic “well,” on the
NIF chamber at the (6,¢) coordinates of (64,241), where 6=0° is
the top of the chamber. The well allows insertion of the
zirconium to 4.48 m from the capsule implosion, in front of the
inside first wall of the chamber to minimize small-angle neutron
scatter into the foils, but outside the chamber vacuum for easy
retrieval. Three additional foils may optionally be deployed
40 cm behind the primary set, with one foil blocked by a tungsten
“shadowbar” for background measurements. However, due to
retrieval difficulties, operation with the shadowbar is not
currently permitted. This insertion apparatus is shown in
Figure 1.

FIG. 1. (Color online). Well-NAD insertion apparatus drawing.

Neutrons from D-T fusion undergo **Zr(n,2n)*Zr reactions
in each sample while lower energy neutrons below the 12.1 MeV
threshold do not react. A small <2% contribution to activation,
currently included only in the uncertainty, is predicted from fuel-
scattered neutrons above this threshold. The %Zr product then
B+ decays with a 3.27 day half life to *™Y, emitting a 909.0 keV
gamma ray several seconds later. These gamma rays are
measured using lead-shielded high-purity germanium detectors in
a low-background counting facility. A 5.7% overall reduction in
sample activation due to absorption in the 1 cm thick wall of the
well and scatter in surrounding materials (& in Equation 1) was
estimated with a Monte Carlo simulation using MCNP6® and
corrected for. This correction is dominated by the attenuation of
neutrons in the well wall. The **Zr(n,2n) cross section is very
well known, to less than 1% uncertainty around 14 MeV.’
Assuming a Gaussian neutron spectrum centered at 14.028 MeV
with a full width at half-maximum of 350 keV, the spectrum-
weighted cross section, <c>, is 596 mb, including contributions
from *°Zr(n,2n)¥™Zr reactions decaying to the ¥Zr ground state
with a 4.161 minute half life. This differs only slightly from the
value of 595 mb for monoenergetic neutrons at 14.028 MeV,

demonstrating a high insensitivity to the spectral width,
broadened by the capsule fuel ion temperature. Uncertainties in
each parameter of Equation 1 contribute to an overall yield
uncertainty of about 7%, dominated by uncertainties in the
detector calibration and counting geometry corrections (estimated
as 5%) and are tabulated in Table L.

TABLE 1. Typical Well-NAD uncertainties for thick (8.7mm)
zirconium samples.

Quantity Effect on | Uncertainty
Activity in Yield

Detector Efficiency 5%
Gamma-ray self-shielding (SS) -15% (incl. above)
Neutron “depletion” in Zr 0.6%
SS differential from n depletion -3.1% 2.0%
%7 r(n,2n) cross section 1.0%
Position relative to implosion <1%
Scatter/Absorption off well -5.7% 1.1%
Chamber/wall scatter <1%
Non-primary neutrons 2.0%
Velocity/temperature peak shift 2.0%
Ion temperature peak broadening <1%
Sample purity -1.35% 0.2%
Sample weight/contamination <1%
Counting statistics (Y,>10") 1-2%

It is expected that improved detector characterization will
lower this contribution to 3% (limited by a NIST-traceable
calibration source uncertainty of 2%), achieving a best total yield
uncertainty of ~5%.

lll. NAD20

The NAD20 diagnostic was named for its proximity to the
“nToF20” neutron time-of-flight diagnostic, itself located about
20 m from the target chamber center in the “neutron alcove.”
Two copper foils, respectively 1 mm thick and 9.5 mm thick, are
deployed both in front of the nToF20 detector array at 19 m from
the implosion (NAD19) and behind (NAD29) the array at 29 m
from the source in a well-shielded room. Neutrons from D-T
fusion activate the copper samples via the “Cu(n,2n)*Cu
reaction with an 11.0 MeV threshold, which subsequently decays
by gammaless 3+ emission. Because of the short 9.67 minute
half life of “Cu, the samples must be retrieved and measured
quickly.  The 180°opposed 511 keV gamma rays from
annihilation of the emitted positron are detected in coincidence
by two back-to-back Nal detectors, between which the sample is
inserted within 30 minutes of irradiation. The competing
$Cu(n,2n)*Cu reaction also decays by positron emission but
with a 12.7 hour half life and its small contribution over short
time scales is measured and subtracted. The yield uncertainty, of
the closest copper sample is typically ~8%. Further details are
described elsewhere, including in these proceedings.®'°

Generally, yields determined by all three Well-NAD
zirconium foils and both copper foils agree with each other and
with the other yield diagnostics: the magnetic recoil
spectrometer'' ' (MRS) and a variety of nToF detectors.'”" An
example is shown for a representative shot in Figure 2. The
nToF detectors themselves are calibrated to a weighted average
of these activation foils and the MRS on previous shots, however,
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and their agreement with these diagnostics is therefore
demonstrative only of relative shot-to-shot consistency.
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FIG. 2. (Color online). Unscattered DT neutron yields as
measured from different diagnostics on NIF shot N120417-001, a
layered-cryogenic D-T shot. Well-NAD results (red, leftmost) are
shown for the thickest sample when the sample was counted both
close to and far from the detector. NAD20 results (orange, right)
are from copper foils on the equator (E) at (90,174) and in the
alcove (A) at (116,315).

IV. DIM-NAD AND SNOUT-NAD

Indium samples between 1-5mm thick can be deployed two ways
inside the NIF chamber to measure 2.45 MeV D-D neutrons.
When mounted on the centerline of the end of a Diagnostic
Instrument Manipulator (DIM), it is designated DIM-NAD. An
indium holder was designed to attach to one of two other
diagnostics, known as GXD and VISAR, depending on which of
those diagnostics were last mounted on the DIM. When a DIM is
otherwise in use, indium may be attached on the side of a DIM in
a “Snout” normally used for the Wedge Range Filter (WRF)
diagnostic, either behind the WRF components or alone.

The '“In(n,n’)!"*™n cross section rises rapidly between
1-2MeV and remains relatively constant across the region
around 2.45 MeV, making it relatively insensitive to ion
temperature or scattered neutrons below ~1 MeV. The '"™In
isomer emits 336.2 keV gamma rays with a 4.486 hour half life.
These gamma rays are measured in the same low-background
counting facility described in Section II. Due to low neutron
yields and a higher scattered-neutron sensitivity, indium
activation must occur very close to the implosion with little
shielding. The yield uncertainty when placed 50 cm from the
target, enumerated similarly to that of zirconium, is typically
~10%. The 115In(n,n')“smln cross section from IRDF-90* was
used as it agrees better with experimental data in the literature
than other evaluations. A higher cross section uncertainty of 5%
was assigned because of these literature and evaluated library
differences. A scatter/absorption correction of -11% for DIM-
NAD and -4.4% for Snout-NAD is applied to the measured yield
based on MCNP® simulations of the DIM and mount geometry.

Curiously, the D-D yield on symmetric capsule (SymCap)
and convergent ablation (ConA) implosions has consistently
differed from that of nToF detectors by about 15%, even though
the nToF detectors were calibrated to indium activation on an
exploding pusher shot (N110131-002). The difference is
particularly evident when comparing to the nToF-DTLO detector,
which has not undergone significant equipment alterations or

changes in analysis methods over the duration of measurements.
To investigate this systematic difference, shown in Figure 3, a
second exploding pusher shot (N120328-001) was fired with four
Snout-NAD indium samples (two at 90,78 and two at the north
pole). The nToF diagnostics agreed within uncertainties with all
four indium activations on this shot, suggesting a physical
difference between exploding pushers and SymCap/ConA shots.
The lower threshold of the '°In(n,n")'"*™In cross section relative
to the 2.45 MeV D-D neutrons make it more sensitive to
environmental neutron scatter than Well-NAD, though MCNP®
simulations suggest that scatter off diagnostics not present on
exploding pushers is not likely to explain the large observed
discrepancy. The effect of downscattered neutrons off fuel and
hohlraum is currently being investigated.
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FIG. 3. (Color online). Ratio of nToF-measured (and DIM-NAD
when available) DD yields to Snout-NAD yields. Open symbols
on N110131-002 and N120328-001 represent exploding pushers.
For clarity, uncertainties are not shown but are on order of 12-
14%, of which more than half is systematic, common to the
exploding pusher cross-calibration.

V. FLANGE-NAD
A. Fuel Areal Density

In a cryogenic layered capsule shot, there is a significant
areal density (pR) of cold fuel compressed throughout the fusion
burn time. A significant percentage of primary 14 MeV neutrons
scatter in this dense layer and lose enough energy to fall below
the zirconium or copper cross section energy thresholds. Thus, it
is understood that the absolute yield measurements are actually
only measurements of the unscattered primary D-T neutrons.
Other diagnostics, such as the nToF detectors and the MRS,
provide spectral information and attempt to measure a portion of
these scattered neutrons in ratio to the unscattered yield to infer
the pR along a specific line of sight. In a perfectly symmetric
capsule compression, this “downscattered ratio” and the yield
would be independent of angle. However, anisotropies in the pR
will differentially reduce the primary unscattered yield along
different lines of sight as neutrons pass through variant-pR zones.
The scattered yield, on the other hand, will increase along
specific energy-dependent angles to their original path.'" To
measure anisotropies in the yield, and therefore the capsule
PR(Q) as a function of angle, €2, thick zirconium foils were
placed on the outside of nine selected “flanges” (unused
diagnostic port covers) around the chamber. The (6, ¢)
coordinates of these nine flanges are: (7,0); (64,39); (64,111);
(64,200); (90,45); (90,123); (90,213); (102,144); and (161,236).
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After February 2012, seven more foils were added on flanges at
coordinates: (7,180); (18,213); (36,356); (64.292); (90,303);
(116,200); and (143,176). Including the Well-NAD location
(64,241), this provides seventeen well-distributed measurements
of relative unscattered yield around the chamber.

All foils are measured sequentially in the same detector in
the same geometry to eliminate relative systematic uncertainties.
By normalizing the activity from each flange position to that
from the same flange measured in an assumed-isotropic
exploding pusher shot and observing flange-to-flange differences
in ratio to the reference zirconium sample from the Well-NAD
measurement (also measured in the same detector and geometry),
all uncertainties except for counting statistics are minimized
down to as low as 2-3%. This double ratio of angular-dependent
unscattered yields, Y(Q), is derived from Equation 1 as the
specific activity ratio, Rga,

:YA(QI)/YA(QZ): myomy || A4 | Ag

o @
Yo (Q)/ Y,(€,) \mympg, N\Ay, N\ Ay

54

where the 4 and B subscripts designate, respectively, the
layered cryogenic shot of interest and the isotropic exploding
pusher; the / and 2 subscripts designate, respectively, the flange
of interest and the reference sample (from Well-NAD); m is the
mass of each sample and 4’ is the activity of each sample at the
time of irradiation. The uncertainties in the masses are extremely
small compared to that from the counting statistics.

The unscattered yield at a given angle relates to the primary
fusion yield, Y, (before scattering in the fuel) by the relation

Y(Q) — Ype’pR(QXGDT>/mDT 3)

where, for a 50/50 mix of deuterium and tritium, <opr> is
the averaged spectrum-weighted cross section for neutron
interactions with deuterons and tritons and mpr is the average
mass of a deuteron and triton. Here, pR(€) is used as shorthand
for the more formal p(€2))R(Q). Assuming a constant pR(Q) for a
calibration shot, B, the double ratio from Equation 2 becomes

Y, (Q) / Y, (Q,) B epr(Ql)<GDT>/mDT
Y,(Q)/Y,(Q,) e PR

“4)

Then, choosing a reference €2, (the Well-NAD sample at
64,241) such that pR(Q2;) = pR((2,) + A[pR(Q,;)], we can relate
the absolute increase in pR(€2;) over the value at €2, as

Mpr
<G DT>

Using ENDF/B-VIII*! cross section values of 809 mb and
948 mb, respectively, for neutron interactions with deuterium and
tritium at 14.03 MeV, the quantity mpp/<opr> is 4.75 glem’.
Thus, an 18% decrease in measured activity from one position to
the reference equates to a 1 g/cm? increase in pR along that line

AlpR(€Y)]=- In[Ry,]. ®)

of sight. Such an increase is of the same magnitude as the pR
values inferred from current downscattered ratio measurements
by nToF and MRS. In other words, an observed 18% decrease in
the specific activity ratio represents a near doubling of the pR
along that line of sight. An example of this specific activity ratio,
showing a significant effect on the poles, is plotted for one
particular NIF shot in Figure 4.
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FIG. 4. (Color online). Activation ratio for shot N120205-002 as
a function of (a) polar and (b) azimuthal angle. Black datapoints
in (a) are roughly along the 6=200° axis. The red circle in (b) is
the reference Well-NAD measurement (set to unity). Lines
represent the fits in Figure 4, with the dashed and solid lines in
(b) respectively the fit values along the 6=90° and 6=64° axes.

A least-squares fit to a physically-relevant model of areal
density can help to predict the change in pR along lines of sight
lacking activation foils. Such an “activation map” is shown in
Figure 5 for the same example shot, in which the data was fit
only to the three first spherical harmonics and the polar-
symmetric second spherical harmonic. Areal density oblateness
(higher pR at the poles) is typical of all layered-cryogenic NIF
shots to date. A recent investigation of in-chamber interferences
has shown small line-of-sight neutron blockages of the two north
polar samples by the end cap of the polar HGXI diagnostic. Low
polar activation is observed both in blocked and unblocked
configurations, suggesting only a partial effect. However, the full
contribution of diagnostic interferences must be determined and
subtracted. The data in Figures 4 and 5 represent an unblocked
configuration according to engineering drawings, though the line
of sight to the topmost samples cleared the HGXI end cap by
only a few millimeters and thus minor experimental deviations
from those specifications must be considered.
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FIG. 5. (Color online). Activation ratio (Rss) datapoints (open
circles) from Figure 3 with a fit to low-order spherical harmonics
(see text). Solid dots indicate positions of nToF and MRS
(77,324) diagnostics. The fit uncertainty is shown in the colorbar.

In principle, Figure 5 could be converted into an absolute
PR(Q) map by performing a A[pR(€Q)] fit using Equation 5 and
adding it to an independent measurement of the pR along a given
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line of sight. However, the MRS and nToF diagnostics measure
the ratio of downscattered neutrons from 10-12 MeV to the
unscattered 13-15 MeV neutrons which reach those detectors.
The scattered neutrons originate along different lines of sight
from the axis of the unscattered neutrons. Conversion of this
downscattered ratio to pR requires an assumption of isotropy.
Efforts are underway to use Flange-NAD results to predict
relative downscattered ratio measurements and positive
correlations are already apparent.

Additionally, neutrons may be scattered by remaining plastic
ablator mass rather than DT fuel, with different scattering masses
and cross sections. This contribution is under investigation and
must be differentiated before a final quantitative determination of
fuel pR may be made.

B. Bulk Fuel Velocity

If an imploding capsule is moving with a high velocity
relative to the chamber, the deuterium and tritium reactants may
fuse with a higher average energy along the line of sight of bulk
motion. Because the cross section of zirconium (or copper)
increases roughly linearly at 14 MeV, this will result in an
increase in activation along the bulk velocity axis and a
corresponding decrease in the opposite direction. This effect may
be misinterpreted as areal density variations. Such velocities
have been correlated with “dropped quads” (non-operational
lasers in packs of four) and misaligned targets.

To some extent, velocity can be identified by its dipole
nature on a large coverage of activation foils. However, it may
also be characterized by neutron energy peak shifts in the MRS
and nToF spectral measurements along their given lines of sight.
By an integrated analysis of all these diagnostics, bulk velocities
as high as 200 km/s have been observed on exploding pusher
shots with much lower velocities on layered-cryogenic shots.
This has somewhat complicated Flange-NAD calibration efforts.
The data presented in Figures 4 and 5, for instance, were
normalized to a 17-foil exploding pusher (N120217-001) with an
apparent velocity of 165+71 km/s along the (86,319) axis, as
compared to a previous low-velocity 10-foil calibration shot
(N111121-003). This velocity was fit and then subtracted from
the calibration data, resulting in larger uncertainties. Final
calibration of the seven locations added after February 2012 is
awaiting a future high-yield, low-velocity exploding pusher.

A full analysis of the observation of bulk fuel velocity will
be addressed in a forthcoming publication.”> An in sifu variant
on the Flange-NAD diagnostic using a co-located, higher-
thresholding reaction such as **K(n,2n) may be implemented® to
directly measure velocity components along each line of sight.

VI. SUMMARY

Utilization of a suite of activation diagnostics has provided
high-accuracy, independent measurements of yield along
multiple lines of sight for relatively minimal cost and effort.
Excellent agreement among multiple diagnostics lends high
confidence to D-T yield measurements. Small discrepancies
between D-D yield diagnostics on SymCap and ConA shots are
being investigated. Significant anisotropies in pR on some shots
are being observed by activation foils in multiple locations
around the NIF chamber. Large bulk fuel center-of-mass

velocities on order of 100 km/s are regularly observed on
exploding pusher shots.
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